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ENGINEERING AND DESIGN 

DESIGN OF STRUCTURES TO RESIST THE EFFECTS OF ATOMIC WEAPONS 

ARCHES AND DOMES 

INTRODUCTION 

10-01 PURPOSE AND SCOPE. This manual is one in a series issued for the 
guidance of engineers engaged in the design of permanent- type military 
structures required to resist the effects of atomic weapons. It is appli- 
cable to all Corps of Engineers activities and installations responsible 
for the design of military construction. 

The material is based on the results of full-scale atomic tests and 
analytical studies. The problem of designing struct'ures to resist the ef- 
fects of atomic weapons is new and the methods of solution are still in the 
development stage. Continuing studies are in progress and supplemental ma- 
terial will be published as it is developed. 

The methods and procedures were developed throu^ the collaboration 
of many consriltants and specialists. Much of the basic analytical work was 
done by the engineering firm of Ammann and Whitney, New York City, \mder 
contract with the Chief of Engineers . The Massachusetts Institute of Tech- 
nology was responsible, under another contract with the Chief of Engineers, 
for the compilation of material and for, the further study and development 
of design methods and procedures. 

It is requested that any errors and deficiencies noted and any sug- 
gestions for improvement be transmitted to the Office of the Chief of Engi- 
neers,. Department of the Army, Attention: ENGEB. 

10-02 REFERENCES . Manuals - Corps of Engineers - Engineering and Design, 
containing interrelated subject matter, are listed as follows : 

DESIGN OF STRUCTURES TO RESIST THE EFFECTS 
OF ATOMIC WEAPONS 

EM 1110-345-413 Weapons Effects Data 

EM 1110-345-414 Strength of Materials and Structural Elements 
EM 1110-345-415 Principles of Dynamic Analysis and Design 
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EM 1110-3^+5-^16 
EM 1110-3^+5-^17 
EM 1110-3^+5-^18 
EM 1110 - 3 ^ 5-^19 
EM 1110-3^5-^20 
EM 1110-3^^5-^21 


Structural Elements Subjected to Dynamic Loads 

Single-Story Frame Buildings 

Multi-Story Frame Buildings 

Shear Wall Structures 

Arches and Domes 

Buried and Semiburied Structures 


a. References to Material in Other Manuals of This Series. In the 
text of this manijal references are made to paragraphs, figures, equations, 
and tables in the other manuals of this series in accordance with the 


nimiber designations as they appear in these manuals. The first part of the 
designation which precedes either a dash, or a decimal point. Identifies a 
particular manual in the series as shown in the table following. 


EM 

paragraph 

figure 

equation 

table 

1110 - 345-413 

3 - 

3 . 

( 3 . 

) 

3 . 

1110-345-414 

4 - 

4. 

(4. 

) 

4. 

1110 - 345-415 

5- 

5. 

(5. 

) 

5. 

1110 - 345-416 

6- 

6. 

(6. 

) 

6. 

1110 - 345-417 

7- 

7 . 

(7- 

) 

7 . 

1110 - 345-418 

8- 

8. 

(8. 

) 

8. 

1110 - 345-419 

9- 

9 . 

( 9 . 

) 

9 . 

1110-345-420 

10- 

10. 

(10. 

) 

10. 

1110-345-421 

11- 

11. 

(11. 

) 

11. 


h. Bibliography. A bibliography is given at the end of the text. 
Items in the bibliography are referenced in the text by numbers inclosed in 
brackets . 

c. List of Symbols. Definitions of the symbols used throughout 
this manual series are given in a list following the table of contents in 
EM 1110 - 31 + 5-413 through EM 1110-3l+5-4l6. 

10-03 RESCISSIONS. (Draft) EM 1110- 34 5-420 (Part XXIII - The Design of 
Structures to Resist the Effects of Atomic Weapons, Chapter 10 - Arches and 
Domes) . 

10-04 PRINCIPLES AND PROCEDURES. This manual is concerned with the re- 
sistance of arch and dome stmictures to air-blast loading. Because the 
structural analysis of arches and domes is inherently complex, exact design 
procedures are impiactical and the procediares employed in this Tnanual are, 
for this reason, of a more approximate nature than design procedures em- 
ployed for other structures. 
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Certain similarities exist in the design procedures for arches and 
)mes, and for this reason, both procedures are presented in this manual. 

Arch and dome structures can he lightly covered vith earth conform- 
ig in shape generally to the outline of the structure. In such cases the 
irth cover will serve to increase the effective mass of the structure and 
Lso to increase the rise time of the applied dynamic loads. Deep burial 
r" the structure is not considered in this manual, and for their coverage 
le reader is referred to EM 1110-3^5-421, Burled and Semlburied Struc- 
rres, and reference [15]. 


ARCHES 

)-05 TYPES OF STRUCTUEES CONSIDERED. The method presented is illustrated 
T the design of an arch of semicircular cross section, but the method is 
)t restricted to this type of structure. The method may be applied to 
lose structures whose cross section is an arc of a circle or can be ap- 
'oximated by an arc of a circle. Only structures with resistant covering 
lich cannot fail or be blown off by the blast wave are considered. Such a 
iructure might be a barrel arch of reinforced concrete, or it may be con- 
iructed of steel or concrete ribs supporting a monolithic concrete slab 
)vering or concrete panels. 

In general, the design of the covering of the arch ribs is governed 
r the same principles that apply to panels in walls or roofs of other 
;ructures. The applicable methods of analysis are covered in other man- 
lIs of this series; this manual is concerned only with the behavior of 
le arched or domed elements. 

The presence of end walls or Intermediate walls or stiffening ribs 
i a long structure will supply rigidity to an arch and increase its re- 
. stance to side loads. This increased rigidity will manifest itself when 
le spacing of these stiffeners is fairly small. Considering an arched 
;ructure of the thin shell type with no Intermediate stiffeners, the pres- 
ice of the end walls Influences the structural response of the arch when 
le spacing of these end walls is equal to or less than 0.75 N/Rt, where R 
s the radius of the arch and t is its thickness. If intermediate 
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diaphragms or stiffeners are added, their effectiveness only becomes appar- 
ent when their spacing is less than 1-50'^ Rt . See reference (]93" This 
latter spacing is based on the assumption that complete fixity exists at 
the Junction of the stiffener and the arch. For an arch with a radius of 
30 ft and a thickness of 1 ft, the spacing of these stiffeners must be less 
than approximately 8 ft to affect the response of the arched elements to 
the applied dynamic loads. 

In most instances this spacing will be less than is economically 
feasible. In any event, disregarding the effect of the end walls and in- 
termediate stiffeners on the arch response will be conservative, and for 
this reason is not considered. 

OF LOADING, a. General Concepts. The basic ideas regarding 
blast loading of structiures are presented in IM 1110-345-413, idiere methods 


given for determining the local forces due to the incident overpressure 
wave and the high velocity winds associated with it. Certain aspects of 

the loading that have a bearing on the resistance of the structure will be 
reviewed here. 


gji^st Wave Approaching Along the Arch Axis. When a blast wave A 
approaches the structure from a direction perpendicular to the end walls, ^ 
and the end walls are resistant to the blast, the structure is enveloped in 

essentially a uniform exter- 




r-^A 


Blast 



/ 

Wave 





o. Orientation of Blast Wave and 
Structure 


b. Section A-A 



c. Loading on a Ring of Differential 
Width 


d. Loading on a Ring of Finite 
Width 


Figure 10,1, Loading on a circular arch element 
for axially approaching blast wave 


nal force traveling axially 
along the arch. The magni- 
tude of this load is the free 
air overpressiire and is il- 
lustrated in figure 10.1. 
Considering a strip of dif- 
ferential width measured 
along the arch axis, the com- 
pressive loading would be in- 
stantaneously applied, that 
is, the time for the load to 
reach its maximum intensity 
would be zero. The 
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for 11113 compressive loading as a function of time is: 

-t/t 

P = P (1 - t/t ) e ° (10.1) 

ca so ' o 

= time measured from the instant the blast wave reaches the 
strip of differential width being considered 

= the duration of the positive phase of the Incident blast wave 

= the uniform compressive force applied radially 

= the maximum incident overpressure 

Phe variation of this loading as a function of time is illustrated in 
Figure 10.1c. 

For an element of finite width w the average compressive load on 
bhe element would reach its maximum intensity at the instant that the blast 
rave had just passed over the entire width of the strip. Its magnitude 
rould be the value of the incident overpressure existing at the center of 
ihe strip. This assumes a linear variation of overpressure over the dis- 
lance w ; an assumption which is valid if the time required for the blast 
rave to traverse this distance is small compared to the duration of the 
ilast wave (less than about 0.1 fQ)* The time to reach maximum compressive 
Loading is 


L0-06c 


expression 


ijhere 

t 


t 

o 

P 

ca 

P 

so 


t 

r 



( 10 . 2 ) 


md the intensity of this compressive loading after time t^ is 


P = P 
ca so 


t - 1/2 t \ -(t - 1/2 t )/t 


(10.3) 


diere is the shock front velocity. The variation of this loading is 

Illustrated in figure 10. Id. 

A detailed discussion of the structural response under this type of 
Loading is given later in this manual. 

c. Blast Wave Approaching Normal to the Arch Axis. When the blast 
rave approaches a resistant structiire from the side, the pressures on the 
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"wind-ward" and "lee-ward" sides of the arch are different, each -varying -with 
time. Because of the higher reflected pressures on the more nearly verti- 
cal faces near the support, the pressures on the near or -wind-ward side be- 
come quite large almost immediately. The magnitude of the pressure on the 
lee-ward or far side is relatively low until the blast wave traveling over 
the arch strikes the ground on the far side of the structure. However, the 
overpress-ures on this side of the arch are never greater than the incident 
overpressure. Eventually, after a time equal to about five or six times 
the time required for the shock wave to travel over the arch, the pressures 
are fairly equal over the entire surface, and the structure -would act as 
though it were in a region of uniform external overpress-ure were it not for 
the motions imparted to it in the earlier s-tages of loading by the incident 
blast -wave. 

Because of the unbalanced loading at the beginning, the arch is sub- 
jected to 'lateral forces causing lateral movement of the crown, an in-ward 

deflection on the windward side 


Incident Blast Wave 

V 


-Shock Front 



Figure 10.2. Deflected shape of arch during 
early stages of blast loading (blast wave 
normal to arch axis ) 


and an outward deflection on the 
leeward side as illustrated hy 
the dashed lines of figure 10.2. 
These distortions are accompa- 
nied by an axial shortening and 
bending of the arch. Fortunate- 
ly^ the two components of dis- 
tortion can be considered separ- 
ately^ and the response of the 
structure can be determined by 
convenient approximations. The 
methods for doing this are de- 
scribed in subsequent paragraphs. 




d. Determination of Component Loadings for Blast Wave Normal to the 
Arch Axis. Because of the nat-ure of the resis-tauce of the structure, it is 
desirable to separate the actual loading into components: (l) symmetrical 
or "compression mode" loading, and. (2) anti symmetrical or "deflection mode" 
loading. For a symmetrical elastic structure there are a series of modal 
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idlngs and of corresponding modal responses of each of the tvo components. 
! detemiiination of these modal loadings is fairly complex^ and depends on 
; shape of the arch axis, its various values of linear and flexural ri- 
-ities, and the variations in section from springing point to crown, 
rever, these modes are not separable in the inelastic range. A good ap- 
ximation to the response of the structure can be obtained by a more 
mentary consideration, assuming that only one of the two modes is im- 
tant in the deformation associated with each loading component. 

Because of the complexities of the problem, and primarily to achieve 
ethod that is simple, the modal loadings are determined herein by a 
hod of averaging the forces on each half of the arch. This assumes that 
re is no variation of overpressure over the windward side and leeward 
e of the arch and that the overpressure at any time t can be expressed 
an average value for the windward side and another average value for the 
ward side. This is not the most accurate method which can be devised 
the lack of precise knowledge of the actual blast loadings and the 
uctural properties makes the use of more precise methods somewhat ques- 
nable. The recommended procedure is as follows: 

Let the ’overpressure normal to the arch barrel at any point and at 
time be designated by P(t) On the basis of the discussion in the 
vious paragraph this varying load can be replaced by two average load- 
s, one for the windward or near side of the arch, and another for the 
ward or far side of the arch. Let these two average values used to re- 
ce the actual load distribution over the arch be designated by and 

, respectively. This average loading system can now be replaced by an 
ivalent set of symmetrical and anti symmetrical loadings. These loadings 
designated as the compression mode loading P and the deflection mode 
iing P^, respectively, and are defined as follows: 


P = 0.5 (P + P^) 

c ' n f'^ 

P, = 0.5 (P - P^) 

d ' n f' 


(10.4) 


As an illustration of the application of the preceding development, 
|C sider a semicircular arch loaded as shown in figure 10.3a. This actual 
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8 0® 30 60 90 120 150 180 
P(t) 33 32 25 14 5 0 0 
(psi) 

a. Actual Distribution of Assumed 
Imposed Blost Load 



c. Compression Mode Loading 


b. Average of Actuol Blast Loads 
over Windward and Leeward 
Portions of Arch 


11.4 psi 



d. Deflection Mode Loading 




Figure 10.3. Computation of modal loadings from imposed blast loadings 
assmned loading is now roplaced ty a system consisting of two intensities^ 
nonvarying over the windward and leeward sides of the arch. The intensi- 
ties are the average values of the actual loadings over these two halves of 
the arch. Applying the trapezoidal integration formiola to figure 10.3a we | 
have 

for the near side, = -^ + 32 + 25 + = 26.8 psi 

for the far side, = -^ + 5 + 0+ -1^= 4.0 psi 

These loadings are illustrated in figure 10.313- 

Equation (10.4) is now applied to this averaged loading system to 
obtain the two modal loadings, yielding 


P = 0.5 (26.8 + 4.0) = 15.4 psi 
c 

P^ = 0.5 (26.8 - 4.0) = 11.4 psi 


■These modal loadings are illustrated in figures 10.3c and d. Note that the 
superposition of the compression mode loading of figure 10.3c on the de- 
flection mode loading of figure 10.3d yields the averaged loading of b 
which is assumed equivalent to the actual loading of part a of this same 
figure. 
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The pres sure- 'time relations for any point on the arch can be deter- 
ined by the procedures given in paragraph 3-17 of EM 1110-345-413. The 
Dre load points considered on the arch, the more accurate vlll be the 
ilues of and . About seven to nine points equally spaced around 

le arch should be sufficient. 



-4^ch Axis. A simplified approximation to the loading obtained by the 

;thods given in paragraph 3 -I 7 is given in this section. These approxl- 
ite loadings can be used for preliminary designs or "where greater accuracy 
j not considered to be worth the extra work involved. These approximate 
)adings give conservative 
‘suits and although they 
y, in some cases, yield 
-rger values for the Im- 
ilse, they will give only 
■ightly greater values of 
a reqioired resistance of 

0 0.5 0.75 1.5 2.5 3 4 5 

.e arch element. t/t, 

a. Compression Mode Loadings 

From estimates of the 



ading obtained through the 
e of the methods outlined 
paragraph 3 -I 7 which are 
sed on shock tube data and 
udies of test data from 
eration GREENHOUSE it ap- 
ars that the modal loadings 
a be represented adequately 
approximate curves as 



t/t. 

b. Deflection Mode Loodings 

Figure 10,4* Approximate modal loadings 


DVD. in figure 10* 4. The "time scale is given in ■tenas of “the “bransih ■bime 

; the time required for the shock front to pass over the span of the 

2 h. For convenience in determining the magnitude of the compression mode 

idings at times in excess of 2 . 5 t ^ the incident overpressure curve as a 

s 

action of time is plotted with its origin at time t /2 , the time the 

s' 

3ck front reaches the crown of the arch. 
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Both components are equal for values of t less than the time re- 
quired for the shock front to reach the crown of the arch. The deflection 

mode overpressure drops linearly from a maximum value of • P to the drae 

so ® 

pressure produced by the incident overpressure existing at time t = 2.5 t ^ 

s 

multiplied by the drag coefficient . Rough calculations indicate a 
value of = 0.2 for values of Reynolds number greater than 5 X 10^ and a 

value of = 0.6 for values of Reynolds number less than 5 X 10^. The 

drag coefficient in this section is equal to one-half the average of 

the local drag coefficients on the windward side minus one-half the 

average of the local drag coefficients on the leeward side. The variation 
of local drag coefficients with position on the arch is illustrated in 
paragraph 3-17. 

The drag pressure produced by any value of the incident overpressure 
can be calculated reasonably closely by the approximate relation 

2 

drag pressure = 0.022 P (IO.5) 

s 

The Reynolds number associated with this incident overpressure can | 
be approximated by the relation 

Rg = 60,000 P^D (17.1 + (10.6) 

vhere^ referring to figure 10.4^ is the incident overpressure in psi 

at time t - t /2 and D is the diameter of the arch in feet* 
s 

It is possible for the deflection mode overpressure to become nega- 
tive when the average loading on the leeward side of the arch exceeds that 
on the windward side. However, the negative values are not usually large 
and do not last very long imder ordinary circumstances. 

Loading Produced by the Blast Wave Approaching at an Angle to 
the Arch Axis. Vhen the blast wave approaches the structure at an angle, 

I the determination of the forces imposed on the arch is difficult. Since 

the direction of loading which produces critical response is either normal 
to the arch axis, or parallel to it, these are the only two conditions con- 
sidered in this manual. 

i 
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^ 10-07 STRUCTURAL REiSISTAMCE . a. Response to Compression Mode Loading. 

The response of "the shnicture to either of the modal loadings depends upon 
the characteristics of the structure. In order to determine the response, 
estimates must he made of the natural frequencies of vibration of the 
structure in the two modes, and of the yield resistance as well as the 
ductility ratio or ratio of maximum allowable deflection to the yield 
deflection. 

For convenience in making such calculations, an idealized elasto- 
plastic resistance is assumed, and the frequency is determined for a struc- 
ture having a stiffness corresponding to that associated with the yield re- 
sistance divided by the yield deflection. Also, in a fixed-end structure 

the resistance corresponds to that after plastic 

hinges have formed at several points, including 

the incipient final plastic hinge which leads to 

collapse. \ / 

In the compression mode, the arch is very ''X. 

^ stiff and the period is consequently very short. n. 

^ For a circ-ular arch with pinned ends and \ / 

of constant cross section the lowest natural 
frequency is one for which the arch vibrates in 

the shape shown by the dashed curve of figure associated with the lowest 

10.5- The natural period of vibration, in natural frequency of a 

, „ ^ , two-hinged arch in the 

seconds, for this mode of vibration is given by compression mode 

the relation [2, 7] 

rp - grtL^ -l/^ , 

^n C, ^ El (10.7) 


(10.7) 


vher e - 


L = the span of the arch in in. 

o 

E = the modulus of elasticity in Ib/in. 

I = the moment of inertia of the arch cross section in in. 
m = the mass per in. of circumferential length of arch in 

lb-sec2/in.2 
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4 , c- yju 

sin ^ 



(10.8) 


■vrtiere R is the radius of the arch in in. and k is the radius of gyra- 
tion of the cross section in in. 

For a circular arch with fixed ends eind of constant cross section^ 
the lowest natural frequency is one for which the arch vibrates in the 
shape shown by the dotted curve of figure 10.6. In this case the period 
is given by [2, 7] 




(10.9) 


vhere 


C2 = 4 


a 


/rV I 


2I 

1 3 

Ik) H 

-2-7 

1 

I 

\ / 

Va / 


(10.10) 


and -vdiere k is the radius of gyration of the crass section of the arch. ^ 
It is fairly evident from a study of these relations that the period 
of vibration for an arch in the compression mode is relatively short. For 
example, consider the arch illustrated in figure 10. 7. Approximate values 

for this arch are as follows: 



Figure 10,6> Vibrational shape 
associated with lowest 
natural frequency of a 
fixed-end arch in the 
compression mode 


6000 in.^ 

0.0565 Ib-sec^/in. 
195 in.^ 


a. Elevation of Arch 


'^ = 17 - 6 " 


All bars 


b. Typicol Cross Section 
of Arch 


Figure 10.7. Sample arch 
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I k = 5.55 in. 

L = 324 in. 

^ o 

e = 3 X 10 Ib/in. 

C 2 “ 74.5 from equation (lO.lO) 

R = 210 in. 

For these data, from equation (IO. 9 ) 


= 0.015 sec 


Considering elastic behavior, the significance of this short period 
combined vith the compression mode loading is that the stresses produced 
)) are essentially those which -would be produced by this same load applied 
statically. This is due to the fact that as the rise time of the imposed 
compression mode loading approaches the natural period of the structure the 
dynamic load factor approaches -unity. 

») Furthermore, it would not be desirable to permit the loading in the 

^.compression mode to exceed the yield resistance of the structure. That is, 
^in reinforced concrete, the stresses produced by the compression mode load- 
d ing should be less than the dynamic cylinder strength of the concrete and 
less than the dynamic yield strength of the steel. The applied compression 
mode loading is carried primarily by direct stress in the arch. Since the 
variation of axial stress is approximately uniform over finite lengths of 
the arch, allowing the stresses to reach their dynamic yield -values -will re- 
sult in the formation of plastic hinges which 
extend over a finite length of the arch, 
rather than at localized points. This -will 

result in a "softening" of the arch and a \ 

correspondingly large increase in deflections 
■vdiich is not desirable. 

b. Response to Deflection Mode h l ^ 

In the deflection mode the struc- 


ture is relatively flexible as compared to 
its behavior in the compression mode. 

^ The dotted curve of figure 10.8 shows 


Figure 10.8. Vibrational shape 
associated with lowest 
natural frequency of a 
two-hinged arch in the 
deflection mode 


13 


EM 1110-345-420 
15 Jan 60 


10- 07b 



to 

O 


Figure 10.9. Vibration parameter as a function of the central angle a 
for a two-hinged arch in the deflection mode 
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the shape of the natural period of vihration 
for a circular arch with pinned ends and of 
constant cross section. The natural period 
of vibration is given hy the relation 1^2, j] 

^ VI 

Tdiere is plotted in figure 10. 9. 

For a circular arch with fixed ends, 
and of constant cross section the natural 
period of vibration is one for which the arch 
vibrates in the shape shown by the dotted 
curve of figure 10.10. The natural period 
of vibration is given by the relation [2, 7] 

T = 

nd 1 El 

where is plotted in figure 10.11. 

Equations (lO.ll) and (10.12) are based on the assumption that the 
primary behavior in this mode is in flexure with a consequent neglect of 
axial deformation. Except for very flat arches, a less than about 50°, 
the accuracy of these relations is good. 

Because of the long natural period of vibration and the correspond- 
ingly short duration of the deflection mode loading, the response of the 
structure can be estimated as if it were loaded by an equivalent rectangu- 
lar pulse of the same area as that imder the deflection mode loading curve. 
The impulse due to the continued drag loading is very small compared with 
that of the initial unbalanced pressure loading and can be either neglected 
entirely or an Initial impulse can be used which is large enough to account 
for the entire area under the curve of deflection mode loading as given in 
figure 10.4 or as computed by the procedure given in paragraph 10-06c. 

This latter procedure will overestimate the effect of the continued drag 
loading. 

For the triangular shaped deflection mode loading of figure 10.4, a 



Figure 10.10. Vibrational shape 
associated with lowest natural 
frequency of a fixed-end arch 
in the deflection mode 
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Igure 10.11. Vibration parameter as a function of the central angl 
for a fixed-end arch in the deflection mode 
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^ rough approximation to the total impxilse per xxnit area normal to the arch 
surface due to that modal loading is 


H = (1.25 to 1.50) P t 

so s 


(10.13) 


It is recommended that the larger coefficient be used in general for 
design purposes. 

The effect of this impulse can be *m ^ 

stated in terms of the period of the structure 

in the deflection mode , the yield re- ^ 

sistance q. , the deflection of the structure 
at yielding x^ , and the maximum deflection 
x^ . These deflections are illustrated in 

figure 10.12 and are measured normal to the Figure 10.12. Location and direction 

arch axis, usually occurring at the quarter of maximum deflections of an 

arch subjected to deflection 

points of the arch vhere the deflection mode mode loadings 

deflections are greatest. 

f In stating the relations that apply to the structure let the impulse 

be defined as follows: 


Figure 10.12. Location and direction 
of maximum deflections of an 
arch subjected to deflection 
mode loadings 


H = p.t. 
1 1 


(10.14) 


where t^ is arbitrarily chosen suitably small. 

Using the energy approach method as out- 
lined in paragraph 5-12 of EM 1110-345-415 the 
work done by the structure under the imposed 
loading is 



Deflection, x 


W = E = 


(p.'t. )" 
1 x ' 


1 D /- 1 ^ 

= qx - - qx R (x - tt x ) 
^m 2^e m^m 2e' 


assuming an idealized resistance diagram as shown 
in figure 10. I3. 

Effective mass m can be related to the 
e 

period of the structure by means of the relation 


Figure 10.13. Idealized 
resistance function 
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Combining the two preceding relations yields the equation 

This relation is strictly correct only if t^ approaches zero^ but it is 

adequate for t^ as large as 0.2 T^^ . It is suggested that t. be 

taken equal to T ,/2rt . ^ 

nd' 

For allowable plastic deflections exceeding the yield deflec- 

tion x^ the equivalent static load at yielding, which is herein defined 
as the yield resistance, is given by: 



(1.5 


P t ) 
so s 



1 


(10.16) 


For allowable deflections not to exceed the yield deflection, that 

4s \ - ^e behavior will be entirely elastic and the equivalent 

static load p is given by the relation 


P = ^ (1.5 P_tJ 


nd 


so s' 


(10.17) 


Equation (10.15) can be used to find either the desired resistance 
4 , the impulse H = p^t^^ that will Just produce a certain deflection, or 
he ratio of the maximum to yield deflections x^x „hen the other quan- 
tities are given. Because of the freedom of choice of t^ , equation 
(10.15) is essentially only a relation hetveen p /q and x /x , and the 


values are plotted in figure lo.lh for a value of t. = (1/2") ^ 
The time to reach the : ^ ' 

quite closely by the relation 


The time to reach the maximum deflection t "can Ve apprSimated 


V\d - 0.091 + (p^/q) (t^/T^^) 


(10.18) 
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12 4 6 8 10 12 14 16 18 20 

Figure 10.14. Relative values of parameters in the deflection mode 

or for t. = (l/2it) T ^ 

1 ^ ^ nd 


V^nd = 0.159(p,/(l) 


(10.19) 


Eqmtion (IO.I9) is also plotted in figure 10.14. 

c. Secondary Effects . There are related secondary effects whicli 
must he considered in the deflection and compression mode loadings and 
responses. In the compression mode there must be some flexure. However-^ 
if the arch section is designed so that yielding is nowhere present under 
compression mode loadings, the accompanying flexure in that mode will nol 
cause collapse of the structure. 

Another and more serious effect is the effect on the deflection 
under deflection mode loadings due to susceptibility of the arch to 
buckling under the compression mode loadings. 

It a curved bar with hinged ends and with its center line in the 
of an arc of a circle is submitted to the action of a xiniform distribuhed. 
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pressure , it will buckle as shown by the dotted line of figure 10. 15 
This tendency to buckle as shown will increase the deflections as computed 
lander deflection mode loadings where buckling does not occur. 

The uniform pressure that produces buckling is given by the rela- 
-fcion [8] 


P 

cr 



(10.20) 


If the ends of a uniformly compressed arch are built in, the shape of 
■fche buckling will be as shown by the dotted curve of figure 10 . 16. In this 



Figure 10.15. Buckled shape and dis- 
tribution of critical pressure for 
a two-hinged arch 



Figure 10.16. Buckled shape and dis- 
tribution of critical pressure for a 
fixed-end arch 


I 


case also, the deflections of the 
■fclie tendency of the arch to buckle 
■fclie compression mode. 


deflection mode tend to increase due to 
under the uniform compressive loading of 


The uniform pressure that produces 
■fci-on [8] 


buckling is 


given by the rela- 


wiiere k 


P 

cr 


R-^ 


1 ) 


is defined by the relation 


( 10 . 21 ) 


Figure 10.17 is a plot 
If we designate 


k tan I cot ^ = 1 


(10.22) 


k as a function of a 

^m Reflection in the deflection mode when 
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there is no buckling load^ and by the deflection vhen there is a com- 
pressive force tending to produce buckling, the relation between these tvo 
deflections is given by 


X 

m 


X 

m 


X /x 

e 

X Vx 
m e 


PVP 
c' cr 


(10.23) 


■where is the compressive mode loading, 

This relation is strictly applicable only for elastic behavior. 
Under dynamic conditions, the strength of the arch would be higher than 
under static conditions since it takes time for the arch to buckle. 

Equation (10.23) can be used as an approximation, with the average value 
of the compression mode loading over the time to reach maximum deflection 
in the deflection mode t^ used in the above equation for P 

Response to Loading P roduced by the Blast Wave Traveling Axially 
— the .. Arch Axis. When a blast wave approaches normal to the end wall 


of the structure the loading on any ring is approximately Instantaneous. 
Considering elastic behavior, since the duration of the load is long and 
the natural period of vibration of the structure Is short, the d;^ainlc load 4 
factor approaches t»D, that is, the stresses produced are twice those that ^ 
would be produced by the same load applied statically. The resistance to 
this type of loading Is primarily by means of direct stress in the arch. 

Since the axial stress produced by this loading Is approximately constant 
over the length of the arch, yielding will not be confined to the develop- 
ment Of plastic hinges at isolated points along the arch. Sather, plastic 
hinges of finite length, or better, plastic areas, will develop over those 
portions of the arch at which the stress is approximately egual to the 
dynamic yield strength of the material. This condition, if allowed to de- 
ve op, will result in either large deflections of the arch or instability, 
er of which can be tolerated. Both of these conditions may be con- 
si ered as failure or collapse conditions. Thus, for an arch loaded by a 

c^ axially along the structure the response should be 

confxned to elastic action only. 

(10 7) letemnined by those of equations 

(lO.T) and (10.9) Which are applicable. The relation between the natural 
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period and the duration of the dynamic loading allows the dynamic load fac- 
tor to he determined from the charts presented in paragraph 5-10. 

The adequacy of the structure against buckling should be checked by 
means of equation (l0.20) or (l0.2l). 

10-08 REIATIOHS FOR ARCH MALYSIS. a. General. To facilitate the design 
of arched elements^ the following sections contain relations which will al-, 
low the analysis of arches without recourse to 
additional texts. References [ 4 ^ 5, 6 , and 9].- 
b. Two-Hinged Arch Relations, Deflec- 
tion Mode Loading. Figure 10 . I8 illustrates ^ //^' ^\\ 

the reactions developed by a two-hinged arch \ 

and the notation for the quantities involved t 

in the deflection mode. From principles of 

symmetry and antisymmetry and applying the Figure 10.18. Deflection mode 


laws of statics 


Figure 10,18^ Deflection mode 
loading applied to a 
two^hinged arch 


V = V, = P , 
a b d 






R r. a . 

— sin ^ sin 
in 2 L 

^1 - cos 


3o: .2a 

— - sin 


( 10 . 24 ) 


( 10 . 25 ) 


At any point on the arch defined by the angle 9 , the bending moment M 

OL ^ 

is given by^ for 0 < — , 

^0 " \ 2 “ 2 ' ®]) \ [2 ~ 2)] 


- (2R^) sin^ I (10.26) 


Since shear = dW/ds = dM /Rd. = V 

u 9 9 


V. = V cos 
0 a 


(i " \ (2 " “ ^d f 2 


c . Two-Hinged Arch Relations, Compression Mode Loading. Figure 
10.19 illustrates the reactions developed by a two-hinged arch and the 
notation for quantities involved in the compression mode. 
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From principles of symmetry and the laws of 
statics 

R sin I (10.28) 

This structure is statically indeterminate to 

the first degree and principles of statically 

Figure 10.19. Compression mode indeterminate structural analysis must be re- 
loading applied to a 

two-hinged arch sorted to. In some cases, the effect of 

axial distortion will appreciably affect the 
values of the quantities to be determined. For arches loaded radially this 
effect is small and hence is neglected. Therefore, the applied load is 
carried by axial thrust only, and 

\ R cos I (10.29) 

and the axial thrust is given hy the relation 

T = P^R (10.30) 

d. Fixed- End Arch Relations, Deflec- 
tion Mode Loading. Figure 10.20 illustrates 
the reactions developed by a fixed- end arch 
and the notation for quantities in the de- 
flection mode. From considerations of anti- 
symmetry and the laws of statics 

= ( 2 R) sin^ I (10.31) 

Figure 10,20. Deflection mode 

and also loading applied to a 

fii^ed-end arch 

M = M, ; V = 
a D a b 

This structure is indeterminate to the first degree. Assuming that 
the flexural distortion is large compared with the axial distortion sim- 
plifies the analysis of this structure without introducing appreciable 
error. If the shear existing at the center of the arch is known, all other 

2h 
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IS 

k quantities are easily found. This shear is denoted by and is 

ered to be positive when acting upward on the left-hand portion of 
arch. Then ^ 


V = RP, 
c d 


cos 


g - 4 ^cos + 3 


g - sin a 


Cio 


32 ) 


and 


and 




\=\= ^ 6 .^ g R sin I 

The moment at any point in the arch^ defined by the angle 0 , is 

= RV^ sin 0 - 2P^ r 2 sin^ | 

■ Since shear = = dM^/Rd 

9 9' Q 


V0 = cos 0 - 2P^ R sin I cos | 


^i-0,33) 


C lo . 3 i|.) 


Cio. 35) 


(10, 36) 


®’ Fixed-End Arch Relations, Compression Mode Loading. Figuar 
10.21 illustrates the reactions developed by 
a fixed- end arch and the notation for quan- 
tities involved in the compression mode. 

This structure is indeterminate to the 
second degree^ but assuming here, as in 
paragraph 10-08c, that the effect of axial 
distortion on the reactions can be neglected 
greatly simplifies the expressions obtained 
without introducing any appreciable error. 

Making this assumption yields, for the vertical reactions 



Figure 10.21. Compression 
loading applied to a 
fixed'^end arch 


V = V, = R sin I 
a D c 2 


(0.0 


31 ) 
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I (10.38 

for the thrust 

T = Pq ^ (10.39: 

The moment reactions and are equal to zero. 

10-09 design PROCEDimE. a. General. The design procedure is outlined 
below. If the direction of the approaching blast wave with respect to the 
structure is known, only the applicable procedure outlined below need be 
applied. If the blast wave may approach from any direction, the two 
critical orientations, the blast wave nomal to the arch axis and the blast 
wave parallel to the arch axis, must both be considered, as either may de- 
temine the arch dimensions. For this situation it is recommended that tHe 
arch be designed for load in one direction and then this section be ana- 
lyzed for the load in the other direction. 

^si gn Procedure for the Blast Wave Normal to the Arch Axis. 

Step 1. Determine the size and shape of the arch and the value of 
the incident overpressure . The ratio of the maximum deflection to 

the elastic deflection is selected by considering the degree of damage to 
be permitted. Recommendations as to the values of these ratios for various 
degrees of damage are given in paragraph 6 - 26 . 

Step 2. The pressure vs time relations for several points on the 
arch are determined by the methods given in paragraph 3-1?. From these 
pressure vs. time relations the values of the compression and deflec- 

tion P^ modal loadings may be determined. If it has been'^decided that 
the use of these more exact methods of load determination are unwarranted, 

the approximate values for these quantities as given in figure 10.4 may be 
used. 

step 3 . Detemlae the total Impulse In the defleetlon mode by tak- 
ing the area under the ys time curve. In using the actual P vs 

time curve, the value of P^ becomes very small for times In. excess of 
2.5 t^ , hence the impulse beyond this time can be neglected. If the 

i 
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I approximate modal loadings of figure 10.4 are used, the impulse can he de- 
termined by applying egization (10.I3). 

Step 4. Assume a depth of the arch and a reinforcement pattern (a 
value of p = 0.015 is recommended as an initial trial) and compute the 
average moment of Inertia (defined as one-half the sum of the transfoimed 
and gross moments of inertia). 

Step 5- Determine the maximum moment in terms of the unit resis- 
tance using the arch relations of paragraph 10- 08. 

Step 6. Determine the resisting moment of the arch section by the 
methods of paragraph 4-11 taking into account the axial load on the arch 
cross section. By deducting the dead load moment from this resisting 
moment determine the resisting moment available for blast loading. 

Step 7 • Determine the value of the unit resistance q in the de- 
flection mode by equating the maximum moment in terms of q to the re- 
sisting moment available for blast loading. 

Step 8. Compute the natural period of the arch in the deflection 
mode using eq-uation (lO.ll) or (10.12). 

Step 9* Compute the values of t^ and p^ by the methods of 

paragraph 10-07b. From figure 10. l4 determine values of x /x and 
/ m' e 

W^nd * value of the time to reach maximxmi deflection t can be 

m 

found and compared with t = 2.5 t^ (see step 3 above). If t^ is greater 
than 2.5 t , the procedure in step 3 is satisfactory. If t is less 
than 2.5 t^ , then only the impulse up to time t^ should be used in com- 
puting p . It is not likely that t will be less than 2.5 t for 

m ^ Q 

arch structures. 

Step 10. Determine the values of from equation (10.23). 

Compare this with the value selected in step 1, and if necessary, adjust 
the design to make the actual value of compare more closely with 

the design value. 

c- Design Procedure for Blast Wave Along the Arch Axis - ft.abtIC 
ACTION OMIY. Step 1. Determine the size and shape of the arch and the 
value of the incident peak overpressure P 

so 

Step 2. Determine the pressure vs time relations for a ring of the 
arch noimal to the arch axis by the procedures given in paragraph 10-06b. 
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Step 3. Assume a depth of the arch and reinforcement pattern (a 
value of p = 0.015 is recommended as an. initial trial) and compute the 
average moment of inertia (defined as one-half the sum of the transformed 
and gross moments of inertia). 

Step 4. Compute the natural period of vibration for the arch using 
equations ( 10 . 7 ) to ( 10 . 10 ) . 

Step 5- Idealize the' loading curve obtained in step 2 by the 
methods presented in paragraph 5 “ 13 ‘ 

Step 6. Determine the dynamic load factor for the arch from the 
curves of paragraph 5~12. 

Step 7- Since the duration of the idealized load is large compared 
to the natural period of vibration, the arch responds rapidly to the ap- 
plied dynamic loads. Therefore, the arch should be analyzed for the dead 
load plus the dynamic load factor times the peak value of the dynamic load 
acting as a static load. The maximum stress in the arch should not be al- 
lowed to exceed the dynamic yield strength of the material of which the 
arch is composed. If the stresses are greater or much less than these al- 
lowable values the trial section of step 3 must be revised assuming this to 
be the factor that controls the design. 

Step 8. Check this section to see that there is no danger of 
buckling under the imposed dynamic loading by means of equation (10.20) or 

(10.21). 

10-10 DESIGN OF REIEEORCED- CONCRETE BABREL ARCH, a. General. To illus- 
trate the design procedures set forth in this manual, the methods presented 
will be applied to the design of a two-hinged semicircular barrel arch of 
reinforced concrete. Two structures will be designed: one for the blast 
load approaching normal to the axis of the structure and the other for the 
blast load approaching along the axis of the structure. This approach is 
followed since it is possible for the orientation of the structiore to be 
such that the blast can approach from only one of these directions. 'With 
this approach the design procedures associated with each orientation are 
more completely illustrated. If the structure is to be designed so that it 
must be resistant to blast loads approaching in any direction, then the 
structure should be designed for one orientation and analyzed for the 
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i other. Usually, deflection criteria detemine the design of the struc-fc-,, 
for the blast wave normal to the axis and stress criteria determine th.^ 
sign when the blast wave approaches parallel to the axis. Only the des3_ 




of the arched elements is illustrated here. The design in each case 
carried out for a typical ring 12 in. in width. The length of the startle: ^ 
ture is taken to be 60 ft and no intermediate diaphragms are present, oa:- 
present, they are not spaced so closely as to influence the response o:f 
arch . 


SXi 




b. Design of a Two-Hinged Arch, Blast Wave Normal to the Arch „ 

Step 1. The size and shape of the arch and the 
support conditions are illustrated in the accompanying 
sketch. The arch is to resist a maximum incident 
overpressure equal to 10 psl with a duration of 

positive phase t^ equal to O.685 sec. The ratio of 
maximum deflection to elastic deflection under these loads is no-fc, 

to exceed 10. 

Step 2. The deflection and compression mode loadings are deteannixied 
from the approximate curves illustrated in figure 10.^ and are shown in 
figure 10.22. . The transit time of the shock wave is found to be 



t = R/U = 60/l400 = 0.043 sec 
s o 


where. U , the velocity of the shock front, is found to be l400 fps fx-csna. 
figure 3-9- 

Step 3. The total Impulse in the deflection mode is given by equja- 

tlon (10.13) 

2 

H = 1.5 P t = 1.5(10)0.043 = 0.646 Ib-sec/in. 

SO . s 

step 4. Assume a total arch thickness of 10 in. with a percents-S^*^ 

of reinforcement equal to 1-5 percent in each face. 

2 

A = A* = 10(12)0.015 = l-.S in. 
s s 

Intermediate grade steel, f^^. = 52,000 psi 
3000-psi concrete, f^^ = 3900 Psi 
Gross I = 1000 in.^ 

4 

Transformed I = 572 in. 


h I2"-H 


^ • • • • 

s |.8ln.2 

r” 

.a', = 

Si • • • • 

D 




29 




10- 10b 


as'n 

■■•SH 




Ml 

I 

I^Mlik :: 

liilliilliilipllu 

lilllllli^l 


-■■■■Sa'araiSSMaau.BaBaaaaKMBaBnBMMaafaaaBBaaBBaBaaBHSSBBBSfBBBaSBBHSaHSHSHBSBBBBBSBB 

aMaamBaBBBwL'^BBMBaaBBflBBBBBBaaBaBBBBBBaBBBBaBBBBBBBBBBaaaBaaaBaBBaBBaaaaBBBBflBBBBBBaBBBBBBBB::: 

i»siiiirSi^is»:ii:::KK5::ssss:K8S5sssK:»s::sssKKss»ss5Sss::s^ 

11 ! lillll liSSllS^SSSSJ^^SSiSSSSSiiSBBBBBBBBBflaBBBBBBBBBBBBaBaBBBBBBBBBBBBBBBBBaBBaBaBBBBBBBBBBBBBBBBBa 

JSaSBSk^aflflBBflBBBBaaBBBBaBBBBBBBBaBBBaBaBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBBflflBBBBBBBBBBB:; 

I SI: 5BBBBBiBBSSiiaaBBBaai.BBBBBaBBBBBBBBBBBBBBaBBBaBBaBBBBaBBBBaBaaBBBaaBBBBBBBBBBBBBBBflBBflBaBBBBBBBBBB 
lBBBaBSBBaBBaBBBB*BBaBBBBBBBflBBBBBBBflBflBBBBBBflBBBBBBBflBBBflBaBaBBflflflBBBBBBBBBBBaBBBaBBflBBBBBBB: 
l”BBBBBBBBflBBaBBBkaBBBBBflBBBBBBBBBBBaaBBBBaBaBflBflBBBBBBBBBBBBBBBBBBBBBBBBBflBflBBflBflaBBBBBaBBBB 
■1 BBBBaaB’BaBaaaBBBk'BBBBBBBBBB:BBBBBBBBBBBBBBBBBBBBaaaBBBBBBBBBBBaBBBBBBBBBaBBBBBaaBBBBBBBBBBBa' 

I .. .....it BaBBBflBmaBBBBBBB*BBBBBBBBaBBBBBBBBBBBBBaBBBBBBBIBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBBfl,' 
Si BBBBBBlBBBBBBBBs8SSBS8S5a"SBBBBaBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaaBBBBBBBBBBBBBBBaaaaBBBBBB 
B *S«SSSp* B liBa a55 SBa>- ■!■■■■■■— •’■BaBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBB'-: 

S BBBBBaftlBBBflSBBBSSaBBBSaiB^SaSBSSfLBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBB:.: 
a BBBBaBBaBBBBBBBBBBBBBBaBBBB*8BBBBBIBrBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBaBBBaBBBBBBBBBBBBBBBBBBBB;: 
a SBaBaaBaaBBaaaaBBaraaaBraBBa*BBBBaBBiBSBBBBBaaaaaBaBaBBBBBBBaBBBBBBBBBBaaBBBBBaaBBaaaaaB.BBBBBaBBBa 
~ -"BBaa^BBBBBBBaBBBBBBBBBBBakWaBBBaaHiBBBBBBBBBBBBBBBaBBaaBBBBBBBBBBBBBBBBBBBaBBaBBBBBBBBBBaBBBBBB: 

aaaaB'l BaBBBBBBBBBBBBaBBBBBBkaBBB:BBBBBBBflBBBBBBBBBBaBBBBBBBBBBBBBBBBaBaBBBBBBaBBBBBBBBBBBBaBBBBaB: 
-.-.aaflBBt BflBBBBBaBamBBaBBB8BBB..aBBBBflBBaBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBB:; 
5 iBBSBBSBIBBBBBBBBBBB:BBBBBaBBaBBBv'BBBBa:BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBBBBBflBBBBBBBBBBBBBB: 
a fBaaBBaSa aBBBSBSSSBBBBBBBBBaBBaBB.'BBBBBBaBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBa ■BBBBBBBBBBBBBBflBBBB: 
afBBBBBBmBBaBBBBaBBBBBBBBBBBBBBBiB.'BBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
S IB888SBBSS85SSaSS55BBBBaBBBBBBaBB8B.'<BaBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBB: 
8 BbSSSSSS tBSSSBSSSSSBBBBBBBBaBBBBBBB-'BaBBaBBBBBBBBBBBBBaBBBBBaBBBBBBBBBBBBBBBBBBBBflBBBBBBBBaBBBBaaB: 

s is:ss5u:i ss::::n5S5ssssss5S8S58ss8:ns:Ksss»ssra^ 

a iBMBBaaBIBBBBflBBBBBSBBBBBBBaaBBaBBBBBBk”flBBBBB5BBBBflBBSBBB::BBBBBBaBBBBBflSBBBBflBBaBBBSBaBBBBBlilBflBB: 

USS:s:8SSS:KS:fSS:8SU8SSSS;SRKSSSH:8:n8SS8SSSSSSB5»8:SSSS888SSS^^ 

■ laBBaBBaBB IBBB::^BaaBBBBBaBBBBBaBBBBBBaBBBBa'<BBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBitniBBBflBBBBaBBBB» 
I IBBBBBaaaB (aBBaB" ■BBaaaBBBBBBBBBBBBBBBBBBBBa 'iBaaBBBaBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBaaBaB''' 
I IBBBBBBBBBt IBBBBB ■ ■BaBBaBBBBBBBBBBBBBBBBBBBBBB 'vaBBBBBBBBBBBBBBBBBBBBBBBBBBBSBBaBBBBBBaBBBBBBBBBBBflBa 
I IBBBBBBBBBI BBBBBBflBBaBBBBBaBBBBBBBBBBBBaBBBBBB 'vBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBa 
t UBBBBBaBBlBBBBBBBBBaBBBBBBBaBBBBBBBBBBBBBBBBBa.''8BaBBBBBBBBBBBBBBBaaBBflBBBBBBBaBBBBBBBBBBBBBBBBBBBB:: 
I aBBBaBBBaBBBBBaaBBBaBBBBBBBBBaBBBBBBBaBBiaBBBBBB.'aBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBIBBBBBB 
I aBBBBBBBaBBaBBBBBaBaaBBaaBBBBBBBBBBBBBBBBBBBBBBBa.'BBBBBnBBBBBBBBaBBBBBBB8BBaaBaaBnBBBBnBBBBBnBaBBaB 
I BBBBBBBBaBB IBBaBBaflBBaaaBBBBaeaBBBBBBBBBBBBBBBBBBa..'BBBBBBBBBBBBBBaBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBB: 
I aBaBBBBBaBB IBBBBBBaBBBBBBBaBBBBBBBaaBBBBBBBBBBBaBnKaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBaBBBBBBBaflB 
:i BBaBBaaBBiB <BBBaBaBBaBBBBBaBBBBBBBBBBBBBBaBBBBBBBBBBh.PBBBBBBBBBBBBBBBaaBBBBBBBBBBBBBBiBaaBBBBBBBBaB 

I BBaBBBBBBt 

') BBBBBBBBai 


BBaaaBBBBB 


■BBBBBBBB BBBBBBBBBBBBBBB B.'BBB BBBBBBaBBB BBBBBBBBBB BBBBB fltBBBB BBBBBBBBBa I 

jaBBBBBBBBBBBBBBBBBaBBBBBB..'aBBBaBaaBBBBBBBiBBBBBBBBBBBBBBBaBBaBaBBBBa'” 

IBB BBBBB BBBBBBBBBBBBBBB BBaaBBBBBBaBBBBBflaw'^BBBaBBBBBaBBBBBaBBBBBBBBflBBBBBBBBflBBBBBB.. 

lBBBBBBBaBBBB1BBBBBBBBBaBBBBBBBBBBBBBBBBaBBBBaBBBBBBBBBBBBBa.''BBBaBaBBBBBBBBBBBBBBBBBBBBBBBBBaBBBaBBB| 
nBB8BBBBaaBBBIBBBBBBBB8BBBaBBBBBBBBBaB8BaBBBBBBBBBBBBBBBaBBBB..'aBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBaB| 
.auuaBBaBBBBB IBBaBBaBBBBBBBBaaBBBBBBBBBBBBBBaBBBBaBBaBBBBaBBBBkb'*aBBBBBBaBaaBBBBaBBBBBBBBBBBBaBBBB8BB| 
aBBBBBBBBBaB WBBBaBBBBBBBBBBBBBBaBBBBaBBBBBBBBBBBaBBBBBBBBBBBBBJ-BBBBBBBBBBBBBBBaBBBBBBBBBBBaBBBBBBal 
BBBBBBaBBBBBBBBBBBBBBaaBBBBBBBBBBBBBBBBBBBBBBBBBBBBk.'^BBBBBBBBBBBBflBBBBBBBBBBBBBaaBBBflBl 


BBBaBBaaaa BBBBBBBBBaaBBBBBBBBBBBBBBB BBBBBBaBaBBBaaBBaBBBBBBBBBBBh. -*888888888888888888888888888888 _ 
BBBBBa BBaaaBBBBB BBBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BaBBBBBBBB-'aaBBBBBBBBBBaBBBBBBBBBBBBBBBBi 
BBBBBBBBBB tBaBBBBaa8BBaBBBBBBaBBBaBBBBBBBBBBBaBBBaBBBBB8aaBBBaBBBBBk-*aBBBBBBBBB8BBBBBBBBBaBBBBBB| 

^ ^aBBBBBBaaB IBBBBB BBBBB BBBBB BBBBBB " 

IBBBBBBBBBBBBB IBBaaBBBBBBBaBBBBBiaBB 


aBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB.'aBBBBBBBBBBBBB BBBBBBBBBB. I 
:BaBB BBBBB BBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBkk'*BaiBBBBBBaBB BBBBBBBBBB| 


IBBBB! 

■BBI 


BB BBBBBBBBBBBBBBB BBBBBBI 


BBBBBBBB BBBB 


BBBBBBBBBB 


Ba?ai 


iBaBBBaaanBBBBBBBBa 


BBBBBBBBBBBBBB. 


BBBB IBBBBBBB 


BBB88BBBBI 


BBB BBBBBBBBBB BBBBBBBBBB BBBBBBB: 


BBBa.'*) BBBBBBBBBB I 


•■BBBBBBBBBBBB. 


BBBBBBBBBBBBB; 


IBBBBBBBBBBBBh-: 


lO-lOb EM 1110-345-420 

15 Jan 60 

Average I = 786 in.^ 

Dead veight of 1-ft-vide strip = 10(l2)l50/l44 

=125 Ib/ft 

Mass per in. of circumferential length = 125/(32.2)144 

= 0.0269 Ib-sec^/in.^ 

Step 5. The moment in terms of the yield resistance q due to de- 
flection mode loadings can be found from the relations of paragraph 10-08b. 

'^b ^ 2 


= <1 R CSC “ ^sin ^ sin ^ - sin^ 

\ = = 0 ■ (eq 10.24) 

= q_R \1 - cos^j = q_B. (eq 10.25) 


q R (^1 - cos = q R 
rhe maximum moment occurs at the point of zero 
shear. Equating equation (10.27) to zero yields 
0 = R q sin («/2 - &) 

0 9 

- (1 2R sin ^ cos ^ 

0 = cos 9 - sin 9 and 9 = 

_o 



Hb 


\t the point defined by 0 = 45 the moment is given by equation (10.26) 

Mg = q R^ cos 45° - q 2R^ sin^ 45°/2 = 0.4l4 q R^ 

Step , 6. * In order to evaluate the resisting moment of the section it 
Is necessary to know the axial thrust which is present in the arch. This 
bhrust is dependent upon the average value of the compression mode loading 
sxisting on the structure over the time required to reach maximum deflec- 
tion. Assume initially that this average value of existing over time 

is 6.0 psi. The analysis of the arch under the compression mode load- 
ing can be obtained by application of the relations of paragraph 10-08c. 
From equation (IO.30) 

T = thrust = P^R = 6(144)30 = 25^900 lb 

Dead load horizontal thrust = (l/2)wR = (I/2) (125)30 

= 1875 lb [4, 5] 

Dead load vertical shear at 0 = 45° = (l/4)rt Rw 

= 0.785(30)125 = 2940 lb 

Dead load axial thrust = cos 45° ( 1875 + 2940 ) = 3410 lb 
Total axial thrust P^ at 0 = 45° = 25.9 + 3-4 = 29.3 kips 
From equation (4.32) the resisting moment of the arch at 
the quarter point of the arch is 
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10-1013 




= A d' 
s 


dy 


+ p. 


D 


(i 


D 


1.7 l 3 f 



= 1.62(6)52 + 29.3 [(10/2) - -^(^273:9 


= 562 + 136 = 698 in. -kips 

Dead load moment at tlie quarter point [6] 

= 1/2 Jt wR (1 - 0.707) R - 1/2 wR (0.707) R 


/ R (cos 0 - 0.707) R 


= -0.045 wR^ = -0.045(125)30^(12) = -61 in. -kips 

Resisting moment available for blast load 

M = 698 - (-61) = 759 in. -kips 
a 

Step 7. The unit resistance in the deflection mode is obtained by- 
equating the maximum moment of step 5 lo the available resisting moment of 
step 6. 

0.414 qR^ = M 

3f 

q. 759 . ; . OQ O ^ 1^18 psi 

0.414(30 )1728 


Step 8. The natural period of the structure is given by equation 

(10.11) 


T 


nd 




where, from figure 10. 9 > 0^ = 8.9 

^ 2 <t( 720 ^) / 0.0269 

" ®-5 V 3(10®)786 

= 1.24 sec 

Step 9- From paragraph 10- 07b 

ti = = 1.24/6.28 = 0.197 sec 

p^ = H/t^ = 0.646/0.197 =3-28 psi 
p./q = 3-28/1.18 = 2.78 
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From figure lO.l^t- x /x =4.4 
® m' e 

t /T ^ = 0.56, t = 0.56(1.24) 

=0.69 sec 

From figure 10.22, the average value of over time t^ is found to he 

approximately 5 psi. The assumed value in step 6 was 6.0 psl. This means 

that the resisting moment available for blast loading is less than the 

value obtained in step 6. The change in this resisting moment is not too 

great, so in this instance the design from step 6 on will not be revised. 

If the error in the assumed average value of produces large changes in 

M it should be accounted for. 
a 

Step 10. The buckling load is given by equation (l0.20) 


P 


cr 



- (3) = 15.2 p 3 i 

360^ 


From equation (10.23) the maximum deflection is found to be 


^m/^e " ^^m/^e^ (1 - (l - 5 / 15 - 2 ) ” 

Since the computed value of = 6.6 is less than the maximum speci- 

fied value in step 1 the design is satisfactory. 

c. Blast Wave Approaching Along the Arch Axis. Step 1. The size 
and shape of the arch is that given in the preceding section. The radius 
is 30 ft with an interior angle of l80°. The maximum incident overpressure 

P is 10 psl, and the duration of the positive phase is O.685 sec. 
so 

Step 2. The pressure vs time relation is that given in paragraph 
10-06b. Considering a strip 1 ft wide the rise time is given by 
t^ = l/U^ = l/l400 = 1 msec 

■(diere is the velocity of the shock front obtained from the curves of 

figure 3"9* Since the rise time is very small it may be neglected. The 
loading is then given by the relation 

P(t) = Pg^ (1 - t/t^) e = 10 (1 - t/0.685) 
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This relation is tabulated in table 3-1 3,nd the overpressure curve so ob- 
tained is plotted in figure 10.23* 



Step 3- The depth of the arch is assumed to be 10 in. with 
2 

= 1.80 in. This is the same cross section assumed in paragraph 
lO-lOb and the structural properties may be obtained from that section. 

Step 1+. The natural period of vibration in the compression mode 
is given by equation (IO.7) 
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^ere 


T 

n 





m = 0.027 llD-sec^/in.^ 

I = 786 In.^ 
a g 

E = 3 X 10 psi 

A = 120 in.^ 

g 2 

A, = 90 in. 

^ 2 
A = 105 in. 
a 

k = Ki"/A, = 2.96 in. 

SL^ u 




820(360^)7(2.96^) = 442 


m - 2^720' 
^n “ 442 


V 


0.027 
3(10^)786 


= 0.027 sec 


Step 5- load vs time cxirve of figure 10.23 is idealized "by a 

triangular pulse slio-wn by the dashed line. The duration of this pulse T 
is 0.5 t^ equal to 0.3^3 sec. 

Step 6. ‘From steps 4 and 5^ From figure 5*20 the 

dynamic factor is found to be 2.0. 

Step 7. From figure 5.20 it is seen that the response of the 
structure is so rapid for this large value of that the dynamic load 

factor is independent of the shape of the idealized load curve. Hence the 
average load applied over time t^ is the peak load Psi* There- 

fore^ the structure is analyzed for a static load equal to the dynamic load 
factor times equal to 20 psi plus ‘the dead load. 

Due to the dynamic radial compressive load of 20 psi^ a uniform 
axial thrust is produced in the arch. From equation ( 10. 30 ) this thrust 
is found to be 
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T - D.L.F.(P^R) = 2(10)144(30) = 86.4 kips 
From paragraph lO-lOh the ^.xial thrust due to the dead load of the arch is 
3 • 4l kips and the tending moment is 6I.0 in.-kips^ these heing the maximum 
values of these quantities vhich occur at the quarter point of the arch. 
Therefore, the total axial thrust is 

Pjj = 86.4 + 3*4 = 89.8 kips 
and the total bending moment is 

M = 61.0 in. -kips 

The maximum concrete stress produced by these loads is 

f^ = (P/A) + (Mc/I) = (89.8/120) + [6 i( 5)/786] 

= 0.75 + 0.39 = 1.24 kips/in. ^ 

Step 8. The buckling load is the same as that computed in para- 
graph lO-lOb and is 

^cr =15.2 psi 

This value is less than the applied dynamic load times the dynamic 
load factor. Since it takes time for the arch to buckle and since the 
dynamic load atteniiates rapidly, this design might be considered as satis- 
factory. To be on the safe side the arch should be increased in depth to 
11 in. thus raising the buckling to slightly more than 20 psi. 

DOMES 

10-11 ITPES OF STRUCTURES CONSIDERED. The domes considered in this m6in\xal 
are surfaces of revolution formed by revolving an arc of a circle idiose 
center is on the axis of rotation. These structures are circular in plan 
view. This -type of structure is generally reinforced along its support by 
a ring beam which resists the thrust of the dome by tension in the ring. 

In all the domes considered in this manual the surface is mono- 
lithic, no ribs or other supporting elements are considered as being ef- 
fective in resisting the external loads. The structures are also assumed 
to be closed, thus preventing the development of any internal press\jres. 

The method presented requires that the dome resist the applied blast 
loads by ELASTIC ACTION only. 

10-12 TYPES OF lOADING. The loading of domes is divided into two 


36 



10-12 


EM 1110 - 345-^20 

15 Jan 60 


components; (l) sjonmetrical or "compression mode" loading, and (2) anti- 
symmetrical or "deflection mode" loading. Only one modal response of each 
type is considered. 

The modal loadings are deter- 
mined hy using the average intensities 
of blast pressirre over the windward and 
leeward halves of the dome. The curve 
of blast loading vs time for any point 
on the dome is obtained by the methods 
of paragraph 3 - 19 * average inten- 

sity over each half of the dome is ob- 
tained from these individual load vs 
time curves for several points on the 
surface of the dome. Consider the dome 
shown in figure 10.24. Ihe average 
overpressures on the windward and lee- 
ward sides of the dome can be deter- 
mined by averaging the overpressures 
existing on meridional strips for dif- 
ferent P angles. The work involved 
in determining these average pressures can be reduced if advantage is taken 
of the rotational symmetry of the dome, that is, choosing P and a val- 
ues which are' symmetrical about axes x-x and y-y, respectively. It is sug- 
gested that load, vs time curves be determined for CX values of 15° > 45°, 
T 5 °j 105 °j 135 °j and 165 °, in the case of a hemispherical dome, on merid- 
ional strips having P values of 22.^°, 67-5°^ 112. 5° > and 157* 5° • Dne to 
rotational symmetry, the load vs time curves for points having P values 
of 22 . 5 ° and 67 . 5 ° will be the same as those for corresponding points hav- 
ing P values of 157-5° and 112.5°, respectively. The average pressure vs 
time curve over the windward side of the dome can be obtained by applying 
the trapezoidal integration formula to these load, vs time curves, which re- 
sults in a normal arithmetical averaging of intensities on the windward 
side due to the given selection of P and a values. The average pres- 
sure curve for the leeward side is similarly obtained. 




Figure 10.24. Plan and sectional 
views of a typical dome 
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10 - 13 a 


The compression and deflection mode loadings are obtained by the 
same method as outlined in paragraph 10-06d. Denoting the average pressure 
on the wind-ward side of the dome by and that on the leeward side by 

, the compression and deflection mode loadings are given by the rela- 
tions : 


P = 0.5 (P + P^) 1 

c ^ n f' 

P, = 0.5 (P - P^) 
d ^ ' n t' J 


(10.40) 


As is stated later in paragraph 10-13, the maximum values of P^ 
and P^ are of primary interest; therefore, the curves of load vs time for 
various points on the dome need only be computed for a duration of time 
equal to about twice the transit time of the shock wave over the dome. 

IO-I 3 STRUCTURAL RESISTANCE, a. Response to Compression Mode Loading. 

In the compression mode, the dome is very stiff and the period of vibra- 
tion is consequently very short. For a complete spherical shell of con- 
s-tant thickness, the period T^ in seconds, is found to be [10]: 

where 

m = the mass per unit surface area of the dome in lb-sec^/ in. ^ 

R = the radius of the dome in in. 

V = Poisson's ratio 

p 

E = the modulus of elasticity in Ib/in. 
h = the dome thickness in in. 

The period for a structviral dome is different from that given by 
eq.uation (l0.4l) due to the fact that the shells considered herein are not 
completely spherical and are also Influenced by the support conditions. 

The exact relation for the period of a dome which is not completely spher- 
ical has not been determined. The exact value is not important, since it 
is seen from eqmtion (l0.4l) that the period is very short. The modal 
loadings to which a dome is subjected have rise times of the same order of 
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magnitude as tlie transit time of the shock wave oyer the structure. The 
ratio of the rise time to the period is large, and as can he seen from 
figure 5*21 the stresses that are produced hy this dynamic loading are the 
same as those that would he produced hy the peak value of the compression 
mode loading applied statically. 

^ ■ Rsspo nse to Deflection Mode Loading. No solution has as yet 
been obtained for the period of a dome subjected to deflection mode load- 
ings. The dome resists deflection mode loadings hy developing internal 
forces in the plane of the surface. Thus resistance to this antisymmet- 
rical loading is accomplished pr ima rily hy axial deformation rather than hy 
bending of the dome. The period under this type of loading is therefore 
likely to he of the same order of magnitude as that under ths compression 
mode loadings. Recognizing that the period is short, the exact value is 
not important. 

The rise time of the deflection mode loading is of the same order of 
magnitude as the transit txme of the shock wave. Therefore, the stresses 
produced hy the dynamic loading are the same as those obtained hy the peak 
deflection mode loading applied statically. 

c . Combined Response to Modal Loadings. The relations for the 
analysis of a dome as presented in paragraph IO-I5 are somewhat approximate 
in nature since a rigorous analysis involving compatibility of strains and 
the developnent of bending stresses in the vicinity of the supports is not 
in keeping with the approximations involved in the determination of the ap- 
plied dynamic loads. Due to this fact, it is recommended that the sum of 
the maximum intensities of stress due to dead weight loading and compres- 
sion and deflection mode loadings not exceed 0.8 of the dynamic yield 
strength of the steel or 0.8 of the dynamic cylinder strength of the con- 
crete. It is further s-uggested that in the case of reinforced- concrete 
domes, that reinforcement he provided in both the meridional and latitu- 
dinal planes. 

J* Secondary Effects . There may he a tenacncy for the dome to 
buckle mder the uniform compression mode loadings. 'The critical uniform 
radial pressiire causing buckling of a complete sphere is given hy the 
relation [8] 
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R^VsCl - V^) 

wiiere the quantities are as defined in equation (l0.4l). 

Experimental verification of the above relation has not been 
achieved, the domes usually buckling under loads approximately l/3 "to l/4 
that given by equation (10.42). Research carried out by Von Karman and 
Tsien on spherical segments indicates a critical radial pressure |[l3] 


(10.42) 


P 

cr 


0.4 


Eh 

r2 


(10.43) 


assuming Poisson's ratio equal to zero. Equation (10.43) also assumes that 
the solid angle of the segment is not large. 

For a spherical segment with R = 100 ft, h = ^ In. , and. E = 3 X 10 
psi, the critical pressure given by equation (10.43) is approximately 21 
psi. Thus it appears that buckling under compression mode loadings is not 
likely to become a problem. Since the dome will require time to buckle 
under dynamic loads the compression mode loadings may approach the critical 
buckling pressure much more closely than would be the case if the same load 
vere applied statically. It is recommended that the peak value of the com- 
pression mode loading not exceed the critical overpressure as given by 
equatl on (10.43). 

10-14 RELATIONS FOR DOME AMLYSIS. a. General. The expressions pre- 
sented here are for domes -which are surfaces of revolution. The surface 
of the dome is described by revolving an arc of a circle whose center is 
on the axis of rotation. 

b. Gravity Loads. The gravity loads considered on these domes are 
( 1 ) uniform load per square foot of dome surface, and ( 2 ) -variable load 
equal to zero at the top and increasing at a uniform rate to-ward the base. 

In either case, the load is constant along any circle of latitude or "hoop." 

Normal design of domes is based on the assumption that they are so 
thin that they cannot develop bending moment, yet they are assumed -to be so 
thick that there is no danger of buckling. Only shapes and loads which are 
symmetrical about the axis of rotation are taken into account, and stresses 
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due "to wind pressure, volume change, and support displacement are ignored. 
No theory is now available that permits simple treatment of concentrated or 
asymmetrical loadings; consequently, shells are not designed to carry 
loads of either of these two types. 

The formulas in this paragraph 
apply only at points of domes which 
are removed some distance from the 
discontinuous edges. At the edges, 
the results from the formulas are 
indicative, but they do not accu- 
rately represent the stresses de- 
veloped at those points. The edge 
member and the adjacent hoop of the 
shell must have very nearly the same 
strain when they -are cast integrally. 

The significance of this fact is ig- 
nored in the relations and the 
forces are subject to certain mod- 
ifications, not here discussed. 



point i 



T ■ Merldlonol thrusts tongent 
to Meridional circles. 

H = Hoop forces, tangent to 
Lotitudlnol circles. 


I rotation 

/meridian ^Radius, R 


Figure 10,25. Definitive sketch for dome 
analysis under gravity loads 


Consider part of the dome between planes of latitude through points 
0 and 1 in figiire 10 . 25 . 


2 

Surface area: A = 2« R (l - cos 
If the load per sqioare foot of dome is uniform, w psf , 


(10.44) 


O 

Total load: = 2jt R w (l - cos 


(10.45) 


If the load increases from zero at point 0 at a rate of w' lb 
per radian 


Total load: 


= 2rt R w' (sin cos 0^) 


(10.46) 


* For derivation of these relations see reference [12], 
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Investigating the forces at the plane of latitude through point 1^ W 
"being the total load above that circle: 

Meridional thrust: T = — — r 

2 rt R sin 0 ^ 

Hoop force: H = -T + (w + v' 0^) R cos 0^ (10.48) 

In these ejcpressions a minus sign indicates tension. If the dome is dis- 
continued along the circle of latitude through point 1 , an edge member must 
be provided along that circle, and that member is subject to, 

W cos 0 , 

Ring tension: S = - 

The shell itself may be able to take this ring tension; but if an edge 
member is provided and cast Integrally "with the shell, it is customary to 
design it for the full amo-unt of the force S 
At the top of the solid dome: 

T = H = 1/2 wR. ( 10 . 50 ) 

In the design of a dome, a question arises concerning allowable 
stress in compression. Present practice is to permit a stress in concrete' 
of about 200 psl. It appears that there is no theoretical reasoning behind 
these limiting figures, and codes do not usually state anything about 
stresses in domes; they are based merely on trends in past and present 
practice. 

The relations in this section are included to allow an easy selec- 
tion of an initial trial size for the dynamic design as well as to allow 
the determination of the stresses due to dead loads. It should be remem- 
bered in connection with this trial size that the shell must be thick 
enough to allow space and protection for two layers of reinforcement, so 
3 to 4 in. is about as thin as any shell can be made. 

c. Dome Relations, Compression Mode Loading C^o]- In many prob- 
lems of deformation of shells the bending stresses can be neglected, and 
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only the stresses due to strain in the middle surface of the shell need he 
considered. Under a uniform presstire action nomnal to the surface of the 
shell, the middle surface of the shell undergoes a uniform strainj and 
since thickness of the shell is small in relation to the other dimensions, 
compressive stresses can he assumed as uniformly distributed across the 
hhickness. Usually struct-ural arrangement is such that only vertical re- 
actions are imposed on the dome by the supports, horizontal forces being 
taken by a supporting ring -which undergoes a uniform circumferential ex- 
tension. Since this extension is usually different from that existing in 
bhe shell, some bending of the shell will occur near the supporting ring. 
This bending is of a local character [ 10 ] and -will be neglected. 

Under the action of a uniform radial compressive force , the 
meridional thrust is uniform throughout the shell and is given by the 
relation 

T = 1/2 R (10.51) 

The hoop force is also uniform throughout the dome and is given by 
the relation Biost 

H = -1/2 R P^ (10.52) 

the minus sign in equation (IO.52) de- 
noting a tensile force. 

d. Dome Relations, Deflection 
Mode Loading. The stresses in the dome 
at each horizontal cross section under 
an anti symmetrical loading can be cal- 
culated quite accurately by applying the 
usual beam theory using the over- 

turning moment of the blast forces above 
the section under consideration and the 
moment of inertia of the horizontal 
cross section of the shell* As shown 
in figure 10.26; the blast loads acting 

^3 




Figure 10.26. Notation for dome analysis 
under deflection mode loading 
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on the dome above any plane of latitude can be resolved into a concentrated | 
force applied at the center of the dome in the same direction as the ap- 
proaching blast wave. The necessary relations are: 


where 


R 


^ Me 

I 

(10.53) 

P 



(10.54) 

= 4 P^R (1 - cos 

(10.55) 

(10.56) 

= R cos ^ 

(10.57) 

= t R^ sin^ 0 

(10.58) 


and where 

t = the shell thickness measured in the horizontal plane 

c = the distance from the neutral axis (the neutral axis here being 
. defined as the plane through the center of the dome, normal to 
the direction of the approaching blast wave) 


DESIGR PROCEDURE. Step 1. Determine the size and shape of the 


dome, the value of the incident overpressure P , and the duration of the 

SO 


positive phase t 


step 2. Compute the overpressure-time curves, concentrating on the 
■maximum values, by the methods of paragraph 3-19- From the calcxilations 
for several points on the dome, determine the average intensities of pres- 
S'ure on the windward and lee'ward sides of the dome. Apply eqiiation (10.4-0) 

to these values to determine the curves of compression and deflection mode 
loadings . 

step 3. Assume a thickness of the dome and size of edge beam, if 
necessary, and the reinforcement pattern. If desired, the trial size can 
be obtained by a conventional design using the relations of paragraph 
10-l4b. 

Step 4. Compute the critical radial pressure idiich would cause 
buckling of the dome of step 3 from equation (IO.43). If this value of 
is less than the maximum value of the compression mode loading the 
thickness of the dome must be increased. 


i 
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Step 5. Determine- the maximum stresses due to dead weight loading 
and compression and deflection mode loadings for the dome of step 3 using 
the relations of paragraph 10-14. 

Step 6. If the sum of the stresses of step 5 is less than or equal 
to 0.8 of the djmamic yield strength of the material the dome is satis- 
factory. If these stresses are too hi^, the thickness must he increased 
until this requirement is satisfied. If the stresses are too low, the 
thickness of the dome should he decreased until reasonable agreement he- 
t-ween act-ual and allowable stresses is achieved. 

^0-16 design of a RE:INF0RCE!D-C0MCRI?IE hemispherical dome. To illustrate 
the design procedure of paragraph IO-I5, a reinforced-concrete hemispher- 
ical dome is designed. The design of the footings necessary to transmit 
the imposed blast loads to the foundation material is not considered here 
IS it has been covered elsewhere in this manual. 

Step 1. The dome considered is a reinforced-concrete hemispherical 
iome of 30"^"^ radius. It is subjected to a maximum peak overpress-ure P 

so 

)f 10 psi, with a duration of positive phase t of 0.685 sec. 

o 

Computation of load vs time curves. Since the mRyiTniTni 
/■alues of the compression and deflection mode loadings are of primary in- 
:erest^ the load vs time curves are calculated for times up to about twice 
jhe transit time t^ of the shock wave. The curves of overpressure vs 
:ime are given in figures 3 *61 and 3*62 for the windward and leeward sides 
)f the dome. 

Pgo = 10 psi^ from figure 3.9, = velocity of the shock front 

= 1400 ft per sec; from figure 3.21, = velocity of sound in the re- 

riected overpressure region = 1290 ft per sec. Therefore, 

t = 2 R/U = 2(30)/i 400 = 0.043 sec 
s o 

For the windward side of the dorne^, the reflected overpressure is 
^iven in figure 3-11 as a function of the angle of incidence, and the drag 
coefficient in figures 3*68 and 3 •69- The time required to clear a point 
)n the windward side of the dome of reflection effects t^ is given by 
cq.uation (3-34) 

t^ = 31i/Cj.efl = 3(30)/1290 = 0.070 sec 
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10-16 


For the lee-ward side of the dome, the reflected overpressure is 
given by equation (3-33) 

= (^-5 - S/180) 

and the clearing time by equation (3*3^) 


t 

c 


3h ^ 

“^refl 



Figure 10,27, Relation hetiveen q'uan^ 
tities used to compute blast loads 


The value of overpressure for a 
typical point is determined as follows. 
Consider a value of P = 22.5^ and a 
time t = 0.115 sec. The general shape 
of the load vs time curve for values of 
OL less than 90^ is given in figure 
3.61. For OL = 75^^ the time required 
for the shock wave to reach the point 
being considered is given by 

t^ = d/U^ = r (1 « cos a sin 

= 30 [1 - ( 0.259)0. 383] /I 4 oo 
= 0.019 sec 


Then 


t - t 

d ^ 0.115 - 0.019 

t^ 0.685 


0.139 


The intensi .y of press-ure at this time, t = 0.II5 sec, is given by the 
relation 

P(t = 0.115) = Pg + q 

vhere P^ , q , and are as defined in EM 1110-345-413. For 

(t - ■t(i)Ao - 0.139, from table 3-1, = O.75O and P^ = 7.50 psi, 

since Pg^ = 10.0 psi. For (t - t^)/t^ = O.I39, from table 3.2, 

q/q^ = 0.530, and q = I.16 psi, since q^ = 2.I9 psi from figure 3.24. The 

drag coefficient is given in figiare 3.68 as a function of the angle 0 

This angle it, related to oc and 6 by the relation 
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tan 9 = 


R sin 


0.966 


R cos a sin P (0.259)(0.382) 


= 9.40 9 = 84° 


For 9 = 84°, from figure 3 '68, = -O.9O; therefore, 

P(t = 0.115) = 7.50 + (-0.90) 1.16 = 6.47 psi 

For those times at "which the dome is s"uhjected to reflection ef- 
fects, the loads are computed as follo"ws; 

For a = 75°, from figure 3. 11, = 12.30 psi, which is the re- 

flected overpressure at time t = t^ = O.OI9 sec. The clearing time is 
given by equation (3*34) 

tc = 3b/c^g^^ = (3)30/1290 =0.070 sec 

Reflection effects have cleared at time t , + t = O.O89 sec and ^he over- 

d c 

pressure at this time is fo"und to be 6.95 P.si by computations similar to 
fhose above. The overpressure for any time t between t = O.OI9 sec and 
t; = 0.089 sec is found from the relation 


P(t) = P, 

' dome 


For 


t = 0.045 sec 



(P 


dome 


6.95) 


P(t = 0.045) = 12.30 


0.045 - 0.019 
0.070 


(12.30 - 6.^-5) 


= 12.30 - 1.99 = 10.31 psi 


The bverpress"ure vs time c"urves for times up to 0.120 sec are computed in 

hhe manner illustrated above and entered in tables 10.1 and 10.2. 

The -values of P and P^ in table 10. 3 are obtained by averaging 
n I 

"the "values given in tables 10.1 and 10.2. For time t = O.080 sec 

p^ = 1/6 (9.90 + 8.82 + 7-64 + 9.15 + 8.14 + 7-80j 
= 51.25/6 = 8.54 psi 

P^ = 1/6 (7-43 + 7.99 + 8.17 7-43 + 7-39 + 6.64) 

= 45.05/6 = 7.51 psi 

Applying equation (10.40) to these values we obtain the compression and 
deflection mode loadings 


► 


Pc = 0.5 (P^ + Pf) = 0.5 (8.54 + 7 - 51 ) = 8.02 psi 
P, = 0.5 (P - P^) = 0.5 (8.54 - 7 - 51 ) = 0.52 psi 

d n f 
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Table 10.1. Overpressure vs Time Curves for /S = 22.5° 


10-16 


Time 

a = 15° 

a = 45° 

a = 75° 

a = 105° 

a = 135° 

a = 165° 

t - 
c 

0.070 

0.070 

0.070 

0.075 

0.083 

0.088 


0.014 

0.016 

0.019 

0.024 

0.027 

0.030 

(sec) 

(psi) 

(psi) 

(psi) 

(psi) 

(psi) 

(psi) 

0 

0.005 

0.010 

0.015 

0.020 

0.025 

0.030 

0.035 

o.o4o 

0.045 

0.050 

0.055 

0.060 

0.065 

0.070 

0.075 

0.080 

0.085 

0.090 

0.095 

0.100 

O'. 105 
0.110 
0,115 
0.120 

• 0 

0 

0 

17.58 

16.99 

16. 40 

15.81 

15.22 

14.63 

14.03 

13.44 

12.85 

12.26 

11.67 

11.08 

10.49 

9.90 

9.42 

9.25 

9.09 

8.92 

8.77 

8.62 

8.45 

8.30 

0 

0 

0 

0 

14.80 

14.30 

13.81 

13.31 

12.81 

12.31 

11.81 

11.31 

10.82 

10.32 

9-82 

9.32 

8.82 

8.32 

8.15 

8.02 

7.91 

7.77 

7.66 

7.52 

7.41 

0 

0 

0 

0 

12.22 

11.84 

11.46 

11.08 

10.69 

10.31 

9.93 

9.55 

9-16 

8.78 

8.40 

8.02 

7.64 

7.25 

6.90 

6.79 

6.71 

6.62 

6.55 

6.47 

6.37 

0 

0 

O' 

0 

0 

9.63 

9.43 

9.23 

9.03 

8.83 

8.63 

8.43 

8.23 

8.03 

7.83 

7.63 

7.43 

7.23 

7.02 

6.82 

6.65 

6.57 

6.49 

6 . 4 l 

6.34 

0 

0 

0 

0 

0 

0 

9.05 

8.94 

8.84 

8.73 

8.63 

8.52 

8.41 

8.31 

8.20 

8.10 

7.99 

7.89 

7.78 

7.68 

7.57 

7.47 

7.36 

7.27 

7.15 

0 

0 

0 

0 

0 

0 

8.78 

8.72 

8.66 

8.60 

8.53 

8.47 

8.41 

8.35 

8.29 

8.22 

8.17 

8.11 

8.04 

7-98 

7.92 

7.86 

7.80 

7.74 

7.61 


Table 10.2. Overpressure vs Time Curves for /3 = 67.5° 


Time 

a = 15® 

a = 45° 

a = 75 ° 

a = 105° 

OL = 135° 

a = 165° 

t = 
c 

0.070 

0.070 

0.070 

0.081 

0.102 

0.119 

"d = 

0.002 

0.007 

0.016 

0.027 

0.035 

0 . 04 l 

(sec) 

(psi) 

(psi) 

(psi) 

(psi) 

(psi) 

(psi) 

0 

0 

0 

0 

0 

0 

0 

0.005 

23.85 

0 

0 

0 

0 

0 

0.010 

22.77 

25.91 

0 

0 

0 

0 

0.015 

21.70 

24.59 

0 

0 

0 

0 

0.020 

20.62 

23.27 

14.07 

0 

0 

0 

0.025 

19.54 

21.95 

13.53 

0 

0 

0 

0.030 

18.46 

20.63 

12.99 

9.12 

0 

0 

0.035 

17.39 

19.32 

12.45 

8.95 

7.72 

0 

0.040 

16.31 

18.00 

11.91 

8.78 

7.69 

0 

0.045 

15.23 

16.68 

11.37 

8.61 

7.65 

6. 51 

0.050 

14.15 

15.36 

10.83 

8,44 

7.61 

6.53 

0.055 1 

13.07 

14.03 

10.29 

8.28 

7.57 

. 6. 55 

0.060 

12.00 

12,72 

9.75 

8.11 

7.54 

6 . 57 

0.065 

10.90 

11.40 

9.21 

7.94 

7.50 

6.59 

0.070 

9.71 

10.09 

8.68 

7.77 

7.47 

6.61 

0.075 

9.30 

8.77 

8.23 

7.60 

7.43 

6.63 

0.080 

9.15 

8.14 

7.60 

7.43 

7.39 

6.64 

0.085 

8.98 

8.02 

7-06 

7.27 

7.36 

6.66 

0.090 

8.81 

7.89 

6.87 

7.10 

7.32 

6.68 

0.095 

8.66 

7.76 

6.78 

6.93 

7.28 

6.70 

0.100 

8.52 

7.64 

6.70 

6.76 

7.25 

6.72 

0.105 

8.35 

7.53 

6.62 

6.59 

7.21 

6.74 

0.110 

8.20 

7.40 

6.54 

6.47 

7.18 

6.76 

0.115 

8.06 

7.28 

6.45 

6.39 

7.14 

6.78 

0.120 

7.90 

7.17 

6.36 

6.32 

7.10 

6.80 




0.005 

3-98 

0.010 

8.11 

0.015 

10.65 

0.020 

16.99 

0.025 

16.26 

0.030 

15.54 

0.035 

14.79 

o.o 4 o 

14.06 

0 . oil -5 

13-32 

0.050 

12.59 

0.055 

11.85 

0.060 

11.12 

0.065 

10.38 

0.070 

9.63 

0.075 

9.02 

0.080 

8.54 

0.085 

8.18 

0.090 

7.98 

0.095 

7.85 

0.100 

7-73 

0.105 

7.61 

0.110 

7.49 

0.115 

7.37 

0.120 

7.25 


.e other values of tahle 10. 3 are 
computed in this manner and used to 
plot figure 10.28. 

Tables 10.1 and 10.2 represent 
the load vs time curves for the indi- 
cated values of P and a . Due to 
the rotational symmetry of the dome^ 
tahle 10.1 also represents the load 
curves for a P value of .157.5° and 
tahle 10.2 for a P value of 112.50°. 
Since these curves are for symmetri- 
cally placed points on the surface of 
the dome^ an arithmetical averaging 
of these values yields the values of 
the average pressures on the windward 
and leeward sides of the 

dome. Applying equation (lO.Uo) to 


0 

1.99 

k.o6 

5-32 

8.50 

8.94 

10.80 
11.03 
10.62 
10.74 
10.33 

9-90 

9-50 

9-08 

8.66 

8.31 

8.02 

7.80 
7.65 
7.54 
7.43 
7.34 
7.25 
7.17 
7.07 




0.02 0.04 0.06 

Time, t (sec) 

Figure 10 . 28 . Compressic 
deflection mode loadin 
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10-l6a 


these quantities yields the compression and deflection mode load 

ings which are plotted in figure 10.28. 

Step 3- Assume a 4- in. dome thickness with a percentage of rein- 
forcement p equal to I.5 percent in both the meridional and latitudinal 
planes. Assume a modulus of elasticity E equal to 3 X 10 psi^ and a 
dynamic concrete cylinder strength f^^ equal to 3900 psi. 

Step 4. From equation (10.43) 


P = 0.4 o 
cr j^2 


Eh^ . 3(10^) 


= 0.4 


30 (144) 


l48 psi 


Therefore, buckling is not a problem, since the maximum compression loading 
pressure is 11.03 Psi (table 10.3)- 

Step 5. The deflection mode loading produces no hoop forces in the 
dome as is seen from the relations of paragraph 10-l4d. The compression 
mode loading produces meridional thrusts and hoop forces of equal magnitude 
over the entire dome as is seen from paragraph 10-l4c. Thus, the blast 
forces produce meridional thrusts of greater intensity than the hoop forces 
and the former probably govern the design. Since the dome has equal per- | 
centages of steel in both the meridional and latitudinal directions, if the 
dome is strong enough to resist the meridional thrusts it is also strong 
enough to resist the hoop forces produced. Therefore, hoop forces are not 
considered in the design. 

The dead load produces no ring tension along the base of the dome as 
is seen from equation (10.49). Since the only hoop forces produced at the 
base are those due to compression mode loading, the dome is capable of re- 
sisting these forces by stresses developed within the surface of the dome 
itself and hence, no edge beam is provided. 

a. Dead Load Stresses. The unit dead weight of the dome 


w = ^ 150 = 50 Ib/ft 


2 


Total dead load 


W 


W = 2jtR 
u 


w 


(1 - cos jZ5 ) (eq 10.45) 


= 2rt 30 (0.050) = 282 kips 


50 


)-l6a 
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■oad-|^ Meridional thrust at the base (maximum thrust) 




L- 

tal 


T = 


W 


o 

2rtR sin 


(eq 10.47) 


- ■ ^-5 

Dead load stress intensity 


dead 


_ 1-5 


4(12 


= 31 psi 


ding 

the 

n 

tude 


rces 

X' 

' the 
g 

not 

e as 
the 
re- 
me 


b. Compression Mode Stresses. The meridional thrust is uniform 
over the dome, and is given by the relation 
T = 1/2 R (eq 10. 5I) 

From figure 10.28, maximum = 11.03 psi, therefore, 

T = 1/2(30)11.03(0.144) = 23.85 kips/ft 

Compression mode stress intensity 




= ^57 Psi 


c. Deflection Mode Stresses. The bending stress is given by 
f = Mc/I (eq 10.53) 
and the shearing stress is given by 
f^ = Pj^/nR t (eq 10.54) 

These may be reduced to 

4P^ R (1 - cos cos 


and 


f = 

V 


rth sin ^ 

4 p^ R (1 - cos 0^) sin 


rth 


The resultant stress intensity is 


f =-|/f ^ + f^ 

resultant f v 


<11 


51 
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and this acts at the angle 9 from the vertical where 
-1 ^ -1 

0 = tan = tan (sin tan 

The stress intensity component in the meridional plane is given by 


or 


^defl ^ 

sin - 0) 


r/v d 

\ 2 

- cos jf>j) sin 

Ap^R (1 - cos cos jSA 

^defl [\ 

It h / ^ 

y It h sin J 


1 

.2 


jsin - tan ^ (sin tan 


This may be reduced to 


4p^r 

d 


defl jt h 


|jl - cos |sin^ + cot^ ^l)J 


sin - 


-1 


tan sin tan 


a 


The maximum value of may be determined by trial and error and it 




always occurs at p = 39°. Thus 


4P E 

f,_„, = — %- (0.0644) 


defl n h 


For the case at hand 

Wx = (0-06U) = 62.8 P.i 

Step 6. Total of maximum stress intensities 

^total " ^dead ^comp ^defl = 31 + 497 + 63 = 591 psi 
Since this stress does not exceed the dynamic cylinder strength of 

the concrete, the shell is more than adequate to resist the applied loads. 
This value (591 psi) is so low that the shell thickness could be decreased. 
A minimum thickness of about 4 in. is necessary to provide satisfactory 
protection for the reinforcement, so the thickness as assumed is adopted. 
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